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Abstract 

Because significant strength loss occurs below 10 
percent weight loss in decaying wood, and because cur- 
rent field diagnostic techniques are not reliable at such 
low weight losses, an effective technique for diagnosing 
early stages of decay in the field, preferably a nondes- 
tructive one, is urgently needed. Because ultrasonic 
pulse velocity has been used effectively by field inspec- 
tors to locate advanced decay, research was undertaken 
to see if such an instrument could be useful in the di- 
agnosis of early decay as well. Ultrasonic pulse veloc- 
ity was determined in large beams, which had been re- 
moved from a structure because they contained decay, 
in an attempt to detect inservice internal decay at an 
early stage of development. Direct transmission through 
the thickness (smallest dimension) of the beam appeared 
to be a viable method of delineating advanced internal 
decay and, in some cases, detecting early stages of de- 
cay at the boundary of decay pockets. Testing on small 
wood wafers, in known stages of decay, showed that the 
technique was capable of detecting the early stages of 
decay in three of the four wood/fungus combinations 
tested. This variability is believed to be due to different 
modes of attack by the two fungi in the different woods, 
which is the subject of further microscopical study. 


Although much of the strength of softwood structur- 
al members is lost at stages of decay below 10 percent 
weight loss (16), the ability to detect decay in the field 
with a significant degree of confidence does not begin 
until about 10 percent weight loss (17). Microscopical ex- 
amination is probably the most reliable basis upon 
which to diagnose the earliest stages of wood cell wall 
decomposition and strength loss. However, it is usually 
too laborious, cumbersome, and costly to use in field di- 
agnosis in the majority of situations. Life-safety hazard 
situations may develop and major economic losses may 
occur if accurate decay diagnoses are not made. There- 
fore, there is a need for a technique for detecting and 
evaluating early stages of decay in service, preferably 
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one which requires little expertise or training. The ob- 
served ability of ultrasonics to detect advanced decay, 
i.e., voids, as well as other internal features involving 
substantial changes in density, suggested that ultra- 
sonics might also be used to detect early stages of de- 
cay. The research reported here was designed to test that 
hypothesis. 


Literature review 


Nondestructive testing of wood has been reviewed 
in a series of symposiums (15), and the theory of ultra- 
sonic testing in general has been reviewed by Kraut- 
kramer and Krautkramer (7). Ultrasonic wave velocity 
methodology was reviewed by Kaiserlik (6), who found 
it among the most extensively used nondestructive test- 
ing methods for materials. Also, McDonald (9) and 
Syzmani and McDonald (13) considered it to be the most 
promising internal defect detection method and the most 
advantageous system for detecting decay in wood of any 
they surveyed. Elvery and Nwokoye (3) found an empir- 
ical relationship between ultrasonic pulse velocity and 
mechanical strength of wood, with a very high correla- 
tion when density was accounted for in the relationship. 
Miller et al. (10) considered ultrasonics to be too limit- 
ed by the high attenuation of signals, even in sound 
wood, so they developed a sonic impulse method; how- 
ever, that method appeared capable of delineating only 
the extent of advanced decay. Waid and Woodman (14) 
found that the transmission of ultrasonic waves gener- 
ated by either 250 or 500 kHz transducers, using per- 
centage loss in transmission as a parameter, was greatly 
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Figure 1. — Measuring pulse velocity in direct transmission 
through the thickness of the beams with the James ‘'V” meter 
and 54 kHz transducers. 


reduced by the presence of decay. Gerhards (4), using an 
instrument similar to that employed in the present 
work, compared ultrasonic pulse timing with impact 
stress wave timing for the detection of wood deteriora- 
tion caused by electrolytic action in sea water. Using 
only transmission along the grain, he found that the two 
methods gave similar results, but that the ultrasonics 
was more difficult to use because of the weakness of 
the pulse at the receiving transducer. Breeze and Nil- 
berg (2) compared core-boring with sonic pulse wave 
transit time (20 kHz) to detect decay in poles, testing 
across the grain (through the pole diameter). They found 
the two methods comparable in accuracy for estimating 
either the delineation of decay or the actual compres- 
sive strength of the pole, as related to the thickness of 
the residual shell. 

Choice of ultrasonic frequency appears to be criti- 
cal, with the lowest attenuation available from the low- 
er (below 250 kHz) frequencies (11), but with the great- 
er precision in delineation coming from higher frequen- 
cies (13), because there is less scattering by inhomoge- 
neities (11) and the transducers can be much smaller (9). 
McCracken and Vann (8) found that ultrasonic pulses 
attenuated less (and therefore, penetrated more deeply) 
at 54 kHz than at 150 kHz; that transit time readings 
were different in incipient and advanced decay, which 
suggests that the method may be sensitive enough to 
evaluate early stages of decay; and that transit times 
were unaffected by variations in moisture content and 
specific gravity, within the limits of their experimen- 
tation. Decayed wood produced increased transit times 
in all their wood species. 

Goodell and Graham (5) surveyed electric utilities 
and wood product inspection companies to determine 
what methods were in use to detect and evaluate inter- 
nal decay. Nearly all respondents expressed the need for 
increased ability to assess decay in the field, but about 
half felt that they were able to detect early stages of de- 
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Figure 2.—Internal appearance of one of the beam ends af- 
ter splitting and the 5-cm grid of 54 kHz pulse velocities 
(m/sec.) obtained when the beam was intact, at the same 
scale but separated vertically so that the numbers can be 
read. High values are typical of sound wood, while low values 
indicate decay. A dash indicates no reading because of an 
inability to couple to decayed wood on the surface. O/R in- 
dicates a transit time so long that it was outside the range 
of the meter, probably also due to coupling difficulty. 


cay with a hammer and drill (alone or in conjunction 
with other equipment) even though the advocates of 
those methods and the manufacturers of the other 
equipment had made no claims about the ability to de- 
tect early decay. There appears to be a misconception 
among many field inspectors that they can detect early 
stages of decay (below 10% weight loss—the stage of de- 
cay where most of the wood strength is lost) by current- 
ly available field tests. Since this is not possible with 
current technology, a great risk of catastrophic loss 
exists until an effective method of detecting early stages 
of decay in the field is developed. 


Materials and methods 
Field-decayed timbers 


Solid wood, Douglas-fir [Pseudotsuga menziesii 
(Mirb.) Franco] beams, 6 by 14 inches (approximately 15 
by 36 cm) in nominal dimension and approximately 10 
to 14 feet (3 to 4 m) in length were obtained. The beams 
had been decayed (brown rot) in service as the outer, 
horizontal supports for exposed decks in University of 
California (Berkeley) married student housing (Albany 
Village), and were obtained following removal during 
repair. Beams were decayed primarily along one cor- 
ner for the full length of the beam, and at each end. It 
was hoped that the decay in some beams would extend 
into the center of the beam. Forty-eight beams were 
selected for study, several of which appeared to be com- 
pletely sound. Ultrasonic pulse transit time readings 
were taken and pulse velocity was calculated using 54 
kHz transducers on a James “V” meter, in longitudi- 
nal, direct transmission (along the grain), with trans- 
ducers placed at each end of the beam. In indirect trans- 
mission, the transducers were placed at 10 cm incre- 
ments of distance from each other when placed on the 
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same wide face of the beam and in transverse direct 
transmission (across the grain), the transducers mea- 
sured through-transmission at 10-cm intervals along the 
narrow edges of each beam, or in a 10-cm grid pattern 
along the wide face of each beam. The couplant used 
most was white petroleum jelly, although a water- 
soluble gel supplied by James Electronics also seemed 
to work well. Transducers were pressed against the sur- 
face by hand, with increasing pressure, until the lowest 
possible reading was obtained. Although the instrument 
signaled advanced decay with an abrupt, substantial loss 
in pulse velocity, or no reading at all because of an in- 
ability to couple the transducer to advanced decay on 
the surface, the data were searched for beams that 
showed a gradual decrease in velocity, which might in- 
dicate a gradual transition from decayed to sound wood 
and the ability of the instrument to detect early stages 
of decay. Ten beams, or beam segments, were selected 
on this basis for more intensive study. 


The 10 beam segments selected for more intensive 
study were subjected to direct, through-transmission 
testing through the thickness of each beam (6-in. direc- 
tion) according to a 5-cm grid pattern laid out on the wide 
face of the beam, and in the vicinity of areas that had 
previously shown a gradual decrease in pulse velocity 
readings. The same 54 kHz transducers were used, but, 
in addition, transducers with 37, 150, and 500 kHz fre- 
quencies were also employed. Following ultrasonic test- 
ing, each beam segment was split along a plane near the 
center of the beam and parallel to its wide face. These 
segments were examined for evidence of the internal de- 
cay that the ultrasonic readings had delineated. The in- 
ner surface of each beam was photographed, as was the 
grid of ultrasonic readings, and the two images were su- 
perimposed in an attempt to match diminished pulse 
velocity readings with the actual degree of decay ob- 
served in the region through which the ultrasonic pulse 
had passed. 


TABLE 1. — Weight losses of laboratory-decayed wafers. 


Range of weight losses 


Specimen G. trabeum P. placenta 
ae m=- 
Douglas-fir, 1/2-in. 2.4 to 10.4 (12)* 2.8 to 25.2 (12) 
White fir, 1/2-in. 6.2 to 17.9 (12) 4.1 to 26.7 (9) 


“Numbers in parentheses indicate the number of wafers in the group. 


To explore precisely how abrupt the decay bound- 
ary was, six of the beams that were split open were 
microscopically examined for evidence of decay at var- 
ious distances from the visible boundary of advanced de- 
cay (two each in the radial, tangential, and longitudi- 
nal directions). 


Laboratory-decayed wafers 


In a different approach to determining whether or 
not ultrasonic pulse velocity was sensitive to early stages 
of decay, small wood wafers were decayed to a range of 
weight losses and tested with the 37, 54, 150, and 500 
kHz transducers in the radial direction. The wafers were 
Douglas-fir or white fir [Abies concolor (Gord. & Glend.) 
Lindl. ex Hildebr.], 1.75 inches wide, 2 inches long (along 
the grain), and either 1/4 inch or 1/2 inch thick (in the 
radial direction) (approximately 4.4 by 5.1 cm and either 
0.6 or 1.3 cm in thickness). It was necessary for the 
wafers to be as thin as possible to promote uniformity 
of decay throughout the thickness of the wafer, but suffi- 
ciently thick to provide a measurable transit time be- 
tween transducers. The wafers were exposed to the 
brown-rot fungi Gloeophyllum trabeum Pers. ex Fr. and 
Poria placenta (Fr.) Cooke for a variety of lengths of time 
in a soil-block test. The procedures of ASTM D 2017- 
81 (1) were followed, except that 16-ounce, round, low- 
form, wide-mouth jars, oversized feeder strips (slightly 
larger than the test blocks), and added moisture (to 160% 
of the moisture-holding capacity) were employed. 


Results 

Longitudinal transmission, either from end to end 
or between transducers on the same beam face, proved 
ineffective in delineating decay in the beams. Through- 
transmission from one narrow face to the other (through 
the 14-in. dimension) also proved ineffective, because de- 
cay along one face made coupling of the transducer 
difficult and because the decay was so shallow that the 


TABLE 3. — Average pulse velocities for nondecayed control wafers. 


Average 


TABLE 2. — Y-intercept, slope, and r* values for fitted regression lines of Figures 3 and 4. 


Specimen Frequency Y-intercept 
(kHz) 
Douglas-fir, 1/2-in. 37 1993.80 
54 2047.65 
150 1951.33 
500 1556.29 
White fir, 1/2-in. 37 1951.53 
54 2004.09 
150 2023.59 
500 1566.49 
70 
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N Range 
fo. of pulse ___— ABE 
Specimen Frequency samples velocity Maximum Minimum 
(kHz) (m/sec.) 
Douglas-fir, 1/2-in. 37 12 2001 2167 1857 
54 12 1970 2167 1857 
150 12 2024 2167 1884 
500 12 1546 1646 1219 
White fir, 1/2-in. 37 12 1900 2000 1765 
54 12 1907 1970 1791 
150 12 1926 1970 1846 
500 12 1518 1548 1429 
G. trabeum P. placenta 
Slope ri Y-intercept Slope as 
—10.88 0.05 2067.43 -31.86 0.76 
—13.62 0.10 2037.45 —28.70 0.76 
—8.31 0.02 2054.83 —30.66 0.72 
—4.52 0.02 1631.05 —23.05 0.76 
—24.78 0.80 1869.36 —20.23 0.67 
—28.03 0.88 1879.65 —17.64 0.75 
—26.74 0.82 1977.81 —25.93 0.82 
—15.73 0.76 1531.00 —16.15 0.91 
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Figure 3.—Regression lines for the data from 1/2-inch wafers of Douglas-fir in known stages of decay. 


pulse was able to pass directly through sound wood. 
Therefore, through-transmission from wide face to wide 
face (through the 6-in. dimension) (Fig. 1) was concen- 
trated upon for the readings with four pairs of trans- 
ducers (37, 54, 150, and 500 kHz) in a 5-cm grid pattern 
on those 10 beams that had produced a gradation in 
readings at the decay boundary when measured in a 
10-cm grid pattern. Use of the 500 kHz transducers soon 
was discontinued on the beams, however, because of the 
difficulty in coupling the small transducer faces to the 
rough wood surface. Little difference was observed 
among the other three frequencies regarding the abil- 
ity to demonstrate a gradual change in pulse velocities 
when moving from decayed to sound wood. Under the 
more intensive grid pattern, 8 of the 10 selected beams 
again displayed a gradual reduction in pulse velocity 
readings adjacent to obvious decay. The two beams that 
showed no reduction in pulse velocity at the decay 
boundary possessed that decay only along the edge, 
which probably did not impede the pulse enough to cause 
a change in velocity. 


A typical example of the comparison between pulse 
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- velocities and the photographic image of the split sur- 


face of the wood they represent (Fig. 2) shows that the 
greatest reduction in pulse velocity occurred in the area 
of the interior advanced decay, with a gradual increase 
occurring in wood that visually appeared not to be 
decayed. Nevertheless, the decay boundary appears sur- 
prisingly abrupt by either method. With regard to the 
microscopical examination of decay boundaries, one 
beam sampled in the tangential direction showed no evi- 
dence of decay 1 cm from the boundary of the advanced 
decay, while the other showed evidence of an early to 
moderate stage of decay at 2 cm but none at 5 cm. Of 
the beams sampled radially, one showed no evidence of 
decay 1 cm from the boundary, while the other showed 
evidence of a very early stage of decay at 1 cm and none 
at 3 cm. One of the beams sampled longitudinally 
showed no microscopical evidence of decay 1 cm from 
the advanced decay boundary, while the other showed 
evidence of an early to moderate stage of decay at both 
1 cm and 5 cm, and another pocket of advanced decay 
was encountered at 10 cm. The ultrasonic pulse veloc- 
ity measurements appeared to be accurately reflecting 
the relatively abrupt boundary of the decay. 
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Figure 4.—Regression lines for the data from 1/2-inch wafers of white fir in known stages of decay. 


With regard to the wafers decayed in the laborato- 
ry to various weight losses, decay was more uniform 
through the thickness of the wafer in the 1/4-inch wafer 
compared to the 1/2-inch wafer. However, there was so 
little material between the transducers with the 1/4-inch 
wafers that little difference in pulse velocity between 
various stages of decay was found, because the transit 
time was so short it was at the lower limit of measure- 
ment of the instrument. Because the results leave some 
doubt as to the reliability of the procedure, only sum- 
mary data are presented, The range of weight losses ob- 
tained in 1/2-inch wafers is shown in Table 1, the Y- 
intercepts (estimated pulse velocity value at 0 weight 
loss) and slopes of the fitted regression lines are shown 
in Table 2, and the average pulse velocity values for 
nondecayed, control wafers are shown in Table 3. 

Figures 3 and 4 show relatively strong relationships 
(high r? values) between weight loss and pulse velocity 
using the 1/2-inch wafers, with the exception of 
Douglas-fir attacked by G. trabeum. Table 2 shows the 
strength of the relationship between pulse velocity and 
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weight loss, as indicated by the calculation of r? values 
from the regression analysis of Figures 3 and 4. Recog- 
nizing the small amount of material between the trans- 
ducers with wafers of both thickness, attempts to im- 
prove the relationships in the data by means of a signal 
buffer attenuator (James Model C-4915) were unsuc- 
cessful. 
Discussion 

From the standpoint of using the instrument to ac- 
curately diagnose early stages of decay, the most desir- 
able result would be regression lines in Figures 3 and 
4 that were both steep in slope and had high r? values. 
Figures 3 and 4 demonstrate that this occurred in three 
out of the four wood and fungus combinations, the ex- 
ception being Douglas-fir decayed by G. trabeum. Since 
this combination had the narrowest range in weight loss 
values, this result suggests that the method may have 
been ineffective in differentiating between very early 
stages of decay. The difference also may be a result of 
a different mode of attack by the two fungi on Douglas- 
fir, which is a question that must be resolved with fur- 
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ther microscopical work. Without a clear explanation for 
this anomaly, however, it appears that ultrasonic pulse 
velocity measurement may be able to accurately detect 
early stages of decay in wood under many, but not all, 
circumstances. The 500 kHz transducers should not be 
recommended for field use in the detection of decay be- 
cause the regression lines appear significantly flatter for 
the 500 kHz transducers in the small decayed block test 
and because the coupling of these small transducers was 
difficult on the normally rough beam surfaces. No sub- 
stantive difference was apparent between the results of 
the other three frequencies, but since the lower frequen- 
cies are said to attenuate less (11), perhaps the lower 
frequencies should be favored if the size of the trans- 
ducer is not a disadvantage. 


Conclusions 


These results show that ultrasonic pulse velocity 
measurement has promise as a tool for detecting early 
stages of decay in the field, but not enough is yet known 
about the exceptions to expected performance to rely 
upon it without backup by supplemental techniques. Re- 
duced pulse velocity in otherwise normal wood can be 
taken as diagnostic evidence of decay, or other defects 
that affect pulse velocity, but lack of change in pulse ve- 
locity cannot yet be relied upon to conclusively indicate 
that the wood is sound. 


The boundary between advanced decay and sound 
wood in Douglas-fir was found in this study to be quite 
abrupt (within 1 to 5 cm) not only across the grain but 
in the longitudinal direction as well. However, exten- 
sion of early decay beyond the boundary of advanced de- 
cay as far as 3 inches across the grain and 5 inches 
along the grain in Douglas-fir has been reported else- 
where (12). 
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